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luoroquinolone antibiotics in convenient oral dosage forms are commonly prescribed in cystic fibrosis (CF) for pulmonary infections due to Pseudomonas aeruginosa (PA). CF patients have rapid clearance of antibiotics that are renally excreted (eg, aminoglycosides, ceftazidime, and ticarcillin). [1] [2] [3] [4] This requires the use of higher-than-usual doses to achieve therapeutic serum concentrations. 5, 6 Mechanisms describing enhanced drug clearance in CF have included induction of hepatic drug metabolizing enzymes (cytochrome P-450) and enhanced renal or nonrenal clearance. 7 Levofloxacin and ciprofloxacin PA susceptibility rates from clinical isolates have been reported at 67% and 68%, respectively. 8 Despite limited clinical data, levofloxacin may offer some advantages in CF with better penetration into PA biofilm strains 9, 10 ; higher concentrations in alveolar macrophages, epithelial lining fluid, and lung tissue [11] [12] [13] [14] ; and excellent sputum penetration. 15 Levofloxacin is well absorbed (99% bioavailability), minimally bound to plasma proteins (24 to 38%), and primarily eliminated unchanged in the urine (87% in 48 h). 14, 16 Side effects are reported at 6.2%, including diarrhea, nausea, vaginitis, flatulence, and pruritis. 16 Given the extensive renal elimination of levofloxacin, we hypothesized that CF patients would clear the drug faster and are at risk of therapeutic failure when receiving a typical recommended dosage. We conducted a pharmacokinetic study in CF patients for whom a course of levofloxacin was clinically indicated.
Materials and Methods
A phase IV open-label trial was designed to characterize the pharmacokinetics of levofloxacin in adult CF patients with a mild-to-moderate pulmonary exacerbation. A preliminary pharmacodynamic analysis examining the effect on sputum pseudomonas densities was also performed. The protocol was approved by the Johns Hopkins Medicine Institutional Review Board and General Clinical Research Center. Informed consent was obtained from all study participants.
Twelve patients were recruited from the Cystic Fibrosis Adult and Pediatric Clinics at The Johns Hopkins Hospital. Inclusion criteria consisted of a diagnosis of CF, age Ն 18 years, active mild-to-moderate pulmonary exacerbation (clinician determined), colonization with PA, and assumed sensitivity to fluoroquinolones. Patients were excluded if they had known fluoroquinolone hypersensitivity, history of seizures or diabetes, active renal insufficiency (estimated glomerular filtration rate 17 [GFR] Յ 50 mL/min/1.73 m 2 ) or receiving high-dose ibuprofen for pulmonary inflammation. Pregnant or nursing women were also excluded. Concurrent antibiotics in another class (eg, aminoglycosides) were allowed since our primary goal was to evaluate the pharmacokinetics of levofloxacin in CF in a clinical setting.
Participants were administered one levofloxacin tablet, 500 mg qd, on an empty stomach at 9:00 pm for 14 days. Food or dairy products were allowed up until 1 h prior to or beginning 2 h after taking levofloxacin. Antacids, vitamins, minerals containing iron, or sucralfate were allowed if administered at least 2 h before or after levofloxacin administration.
After 3 to 7 days of starting levofloxacin (assumed steady state), a single set of 10 3-mL blood samples were obtained just prior to dose administration (trough) and 0.5, 1, 1.5, 2, 3, 4, 8, 12, and 24 h after dose administration. Samples were collected in a red-top tube, incubated at room temperature for 30 min, and then centrifuged at 1,500 to 2000 revolutions per minute for 10 min at room temperature. Resultant serum was transferred into a polypropylene vial and frozen at ϽϪ 20°C until time of assay. Serum levofloxacin concentrations were assayed in batch at the National Jewish Medical Research Center in Denver, CO, with a validated high-pressure liquid chromatography with fluorescence detection method. 18 The calibration curve ranged from 0.2 to 15 g/mL, and precision during the assay validation was 4.83% at 0.8, 8, and 14 g/mL. 19 Medical histories and physical examinations were administered at all three study visits: enrollment, pharmacokinetic blood sampling, and end of study visit (within 3 days after completing levofloxacin). Patient safety assessments included serum metabolic panel (sodium, potassium, chloride, bicarbonate, creatinine, BUN, glucose) and liver function tests (aspartate aminotransferase, alanine aminotransferase, alkaline phosphatase, ␥-guanosine triphosphate, and total bilirubin) at the time of enrollment and at the end of study visit. Female subjects underwent a urine pregnancy test prior to enrollment to confirm nonpregnancy status. Adverse drug reaction assessments were collected throughout, especially during the last two study visits.
For the preliminary pharmacodynamic evaluation, sputum samples were collected by expectoration prior to and after levofloxacin therapy, during study enrollment and end of study visit, respectively. Samples were shipped within 8 h of collection under refrigeration (2 to 8°C) to Children's Hospital and Medical Center in Seattle, WA. Samples were analyzed within 48 h of collection for PA sputum densities by techniques described by Burns and associates. 20 Corresponding levofloxacin minimum inhibitory concentrations (MICs) were performed by E-test using the Clinical Laboratory Standards Institute, formerly National Committee for Clinical Laboratory Standards, MIC susceptibility breakpoints; S Յ 2 g/mL, I ϭ 4 g/mL, and R Յ 8 g/mL. 21, 22 Pharmacokinetic Analysis Serum concentration data were analyzed by noncompartmental methods (WinNonlin Standard, version 3.1 software; Pharsight Corporation; Mountain View, CA). Individual maximum serum concentration (Cpmax) and time to reach Cpmax (Tmax) values at steady state were obtained by visual inspection of the semilogrithmic plots of serum concentrations vs time. Steadystate area under the concentration vs time curve for 24 h (AUC 24 ) was calculated by the log-linear trapezoidal method. The elimination rate constant ( z ) was determined from the slope of the terminal phase of the serum concentration vs time curve using uniform weight. The elimination half-life (T 1/2 ) was calculated as 0.693 divided by z . Standard equations for apparent volume of distribution (Vd/F) and total clearance (Cl/F) were used. 23 
Pharmacodynamic Analysis
A preliminary pharmacokinetic/pharmacodynamic (PK/PD) relationship was assessed by comparing the Cpmax/MIC and AUC 24 /MIC ratios to the change in PA sputum density. A weighted average of the individual pretherapy PA MIC was used to perform the calculations. Prelevofloxacin and postlevofloxacin PA isolates were compared with regards to fluoroquinolone sensitivity. 
Statistical Analysis
A sample size of 12 subjects was selected on the assumption that CF patients would have a 20% greater total body clearance than non-CF adults (174 Ϯ 24.5 mL/min) and a similar variance in clearance as with non-CF adults. 24 This sample size provides 84% power to detect a 12% increase in clearance and Ͼ 99% power for an increase of Ն 20% (␣ ϭ0.05, two sided).
CF pharmacokinetic parameters obtained from this study were compared to published healthy, non-CF pharmacokinetic data using a two-sided t test. 24 Distributions of pretherapy and posttherapy numbers and types of levofloxacin-sensitive and levofloxacin-resistant strains were described.
Results

Demographic Data
Twelve patients, 5 men and 7 women, 18 to 37 years old were enrolled. All patients had a calculated GFR Ͼ 50 mL/min/1.73 m 2 (Cockroft-Gault) at enrollment. Demographics and baseline characteristics are summarized in Table 1 .
Pharmacokinetics
Mean steady-state levofloxaxin Cpmax and Tmax were 7.06 g/mL (SD, 2.35) and 2.20 h (SD, 0.99), respectively ( Table 2) .
Results were compared to previously published steady-state pharmacokinetic data from healthy, non-CF adults receiving the same oral regimen 24 ( (Table 2 ).
Pharmacodynamics
Two of 12 subjects did not grow an organism in either the pretherapy or posttherapy sampling periods and were not evaluated for pharmacodynamics. Six of the 10 evaluable patients had posttherapy declines in sputum PA densities. Two patients had 5-log reductions, one had a 2-log decrease, and three had 1-log reductions. Of these, five patients received concurrent synergistic antibiotics, three received inhaled tobramycin, one received inhaled colistin, and one received a course of IV antibiotics for PA. Four patients had posttherapy increases in sputum PA densities: three patients had 1-log increases, and one patient had a 50% increase. Two of these patients received concurrent inhaled tobramycin. Figure 1 illustrates the preliminary PK/PD relationship of levofloxacin in our CF group. No trend for decreasing PA densities with increasing Cmax/ MIC (n ϭ 10) or AUC 24 /MIC (n ϭ 9) ratios was observed. Based on suggested fluoroquinolone PK/PD targets for Gram-negative bacteria, 27 only two patients achieved a Cmax/MIC ratio Ͼ 10 and an AUC 24 /MIC ratio Ͼ 125.
Thirty-one PA isolates were obtained prior to levofloxacin therapy and 33 isolates were obtained after therapy from all 12 subjects (Table 3) . Subjects with posttherapy reductions in PA sputum density had a slight decrease in the proportion of levofloxacin-sensitive isolates (MIC Յ 2 g/mL), 71.4 to 68.8%; an increase in proportion of resistant isolates (MIC Ն 8 g/mL), 14.3 to 31.2%; and a decrease in mean MIC of sensitive isolates of 0.91 (SD, 0.67) to 0.75 (SD, 0.49). Subjects with posttherapy increases in PA sputum density had a greater decrease in percentage of sensitive isolates (86.7 to 46.3%); larger increase in percentage of resistant isolates (6.7 
Safety
There were no serious or life-threatening levofloxacin-related adverse events. Seven subjects had at least one adverse event. Of these, four patients reported insomnia that resolved after 2 days in two patients and the remaining two patients after changing the levofloxacin dosage administration time from 9:00 pm to the morning. There were two episodes each of rash and nausea, and one episode each of vomiting, pruritis, vaginitis, taste perversion, fatigue, tremor, dizziness, headache, abdominal pain, and flatulence. All adverse events were mild and transient. There were no clinically significant changes in safety laboratory values. 24 ‡All CF vs all non-CF by t test. §One male subject removed from the analysis due to inadequate serum sampling during the terminal phase. ʈSimilar to 750 mg of levofloxacin in five CF patients 26 ; T 1/2 (6.8 Ϯ 1 h), Cl/F (2.36 Ϯ 0.49 mL/min/kg), and Vd/F (1.03 Ϯ 0.27 L/kg), p ϭ NS by t test (mean Ϯ SD). ¶Derived from individual pharmacokinetic parameters and weights; non-CF individual pharmacokinetic and weight data provided by Ortho McNeil. #Four men vs seven women, p ϭ 0.0522 by t test. **Four men vs seven women, p ϭ NS by t test.
Discussion
Similarities in weight-adjusted levofloxacin clearances are illustrated in Figure 2 with a proportional relationship of body weight to levofloxacin clearance in our CF patients. A similar non-CF clearance of 175 mL/min is obtained when plotting the mean non-CF weight of 75.5 kg on the graph regression line. Similar weight-adjusted volume of distribution is attributed to low-protein binding and extensive tissue and fluid distribution characteristics for levofloxacin. 14, 16 Enhanced renal excretion of antibiotics in CF may be explained by the inverse relationship between the multidrug resistance P-glycoprotein renal tubular drug transporter for secretion and CF transmembrane regulator. 28 -31 Despite exhibiting P-glycoprotein substrate characteristics in a kidney cell line system, 32 levofloxacin renal clearance was similar in rats with or without a P-glycoprotein inhibitor. 33 These conflicting results may suggest alternative drug transport mechanisms (eg, organic cation transport) as the predominant route of renal clearance. Also, renal tubular reabsorption contribution to overall levofloxacin clearance is not known.
Levofloxacin rate of oral absorption in CF is slower than non-CF, as the mean Tmax for CF was two times greater. This difference is probably due to prolonged gastric emptying in CF and is consistent with ciprofloxacin absorption in CF. 34 The 23% higher Cpmax in CF was attributed to higher dosage per body weight (9. (Table  2) .
Over half of our CF subjects were women, compared to an all-male non-CF group. Despite this difference, there were no significant differences in body weight, GFR, and weight-adjusted levofloxacin clearance between gender within our CF subjects (Tables 1, 2 ). GFR gender differences is considered a weight effect since GFR is proportional to body weight. 35 Pai and associates 26 recently report a 19% decrease and 37% increase in levofloxacin Cpmax and Tmax, respectively, when levofloxacin was administered 2 h before oral antacids in CF. Our study, conducted prior to this report, allowed antacid use 2 h before or after levofloxacin. No subjects received any antacid preparation during the study; thus, the potential for an antacid absorption interaction was not present in our study. This absorption study also 21,22 †One patient missing before therapy; one patient missing after therapy. ‡Excludes isolates from patients for whom change in posttherapy sputum density could not be determined. reported levofloxacin pharmacokinetic parameters in five CF patients receiving 750 mg/d and is currently the only published report with levofloxacin CF pharmacokinetic data available. 26 Comparable pharmacokinetic parameters of T 1/2 , Cl/F, and Vd/F were similar to our results (Table 2) .
Our small pharmacodynamic analysis supports duoantibiotic coverage, as reduction of PA sputum density was best achieved with a concurrent antipseudomonal antibiotic. Of the 10 evaluable patients, 5 of 7 patients receiving combination antipseudomonal therapy had PA sputum reductions. Two of three patients receiving levofloxacin monotherapy had elevated sputum PA after therapy. This finding is consistent with the recommendation of double antimicrobial coverage for PA infections due to potential rapid development of resistance. 5 Fluoroquinolone PK/PD targets for PA have been suggested for optimal bacteriologic and clinical outcomes and minimizing resistance and are supported by in vitro and limited in vivo models. 36 -41 Specific clinical PK/PD PA pulmonary infection data are comprised of analyses that included patients with the same pathogen with other sites of infections (eg, wounds and urinary tract) or in patients with pulmonary infections grouped with other bacteria. [42] [43] [44] [45] Although these trials [42] [43] [44] [45] support the aforementioned targets by broader patient groups, it is not known if these PK/PD targets hold true for PA pulmonary infections in the general clinical setting due to limited sample sizes. In our study, two patients achieved the recommended PK/PD targets for efficacy of AUC 24 /MIC ratio Ͼ 125 and Cpmax/ MIC ratio Ͼ 12. One of these patients, receiving concurrent inhaled tobramycin, had a 99% reduction in PA sputum density (Fig 1) . In regards to developing resistant PA strains, 3 of 10 patients met the suggested PK/PD targets (AUC 24 /MIC ratio Ͼ 100 and Cpmax/MIC ratio Ͼ 8) for minimizing resistance. 37, 38, 45 All three patients had pretherapy mean MIC isolates sensitive to levofloxacin (Ͻ 2 g/mL). Posttherapy mean MIC isolates were resistant (Ͼ 8 g/mL) in one patient; this patient received levofloxacin monotherapy. One of the remaining two patients also did not receive combination therapy.
Levofloxacin is well distributed into sputum, as sputum PK/PD targets of AUC 24 /MIC ratio Ͼ 30 and Cpmax/MIC ratio Ͼ 4.01 were associated with successful treatment of acute exacerbations of chronic bronchitis in non-CF patients. 46 Currently, no levofloxacin sputum penetration data in CF pulmonary disease exit. Unfortunately, we did not evaluate sputum penetration in our study.
In summary, steady-state Cl/F, Vd/F, and AUC 24 of levofloxacin in CF patients receiving 500 mg qd po are similar to non-CF patients when corrected for body mass. CF patients have a longer Tmax probably due to prolonged gastric emptying. Use of higher daily dosages of Ն 750 mg should hypothetically provide more favorable PK/PD indexes of Cpmax/ MIC ratio and AUC 24 /MIC ratio for improved clinical outcomes if tolerated. Additional studies are needed to evaluate levofloxacin sputum penetration and to determine if PK/PD targets support the bacteriologic and clinical outcomes for managing PA pulmonary infections in CF.
